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Abstract 
The energy penalty of post-combustion capture of CO2 (PCC) presents a major hurdle in the application of this 
technology for CO2-emission reduction and CO2 utilisation in China. Huaneng CERI and CSIRO have been 
collaborating since 2008 with the aim of developing low-cost, energy-efficient and environmentally benign amine-
based PCC processes. This paper provides an update on recent advancements in this area which has focused on: 
- Development of new liquid absorbent formulations 
- Assessment of PCC process modifications 
- Pilot plant evaluation in two facilities; one in Australia and one in China. 
The intermediate results indicate excellent progress towards a halving of the energy penalty of amine based PCC 
processes. 
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1. Introduction 
Amine based Post-combustion Capture (PCC) processes are able to significantly reduce the emissions of CO2 
from coal fired power stations but at a considerable energy penalty. In a collaborative research program CSIRO and 
CERI are developing improved PCC processes to reduce the capture process energy requirement. It builds on the 
previous collaboration in which significant pilot plant research capability was established by CERI in China and by 
CSIRO in Australia. The earlier research, reported at GHGT-10 [1], also illustrated the large impact of the energy 
performance on the electricity generation cost increase and the costs per tonne avoided CO2 when utilising the 
baseline MEA process in China. It is clear that significant efficiency improvements and cost reductions are needed 
to make PCC of relevance for CO2-storage and/or CO2-utilisation. 
The technological approach towards a reduction of the PCC energy penalty in the current research collaboration 
is based on the development and pilot plant evaluation of two alternative liquid absorbents in China and the 
evaluation of three different, more energy efficient PCC process modifications in Australia. The ultimate goal is to 
achieve a halving of the capture energy penalty through this combined approach of absorbent development and 
process development. Our previous work involving thermodynamic assessments indicates that this is achievable [2]. 
2. Development of alternative liquid absorbent formulations 
First generation liquid absorbents with better performance than MEA are expected to originate from the 
optimisation of different blends of already available mono-amines. Our research therefore considered a broad range 
of commercially available mono-amines but selected only those which were not yet used in industrial gas absorption 
applications. In total 15 primary-amines (excluding MEA and AMP), 2 secondary amines (excluding DEA, PZ and 
other di-amines) and 11 tertiary amines (excluding TEA and MDEA) were investigated, adding considerable new 
information to the current database of amines already used for gas absorption processes. The strategy for the liquid 
absorbent formulation was based on the intelligent selection of two mono-amines from the entire range of 
commercially available amines and is summarised as follows: 
¾ selection of a first amine that reacts rapidly with CO2 through the formation of a carbamate, 
¾ selection of a second amine: 
o preferably with little or no carbamate formation and being a stronger base than the first amine, 
o such that the enthalpy of protonation is large to maximise the temperature dependent pH change to aid 
desorption of CO2, 
¾ optimisation of the formulation composition to achieve acceptable physical properties (density, viscosity, 
surface tension) 
¾ assessment of CO2 absorption rates (aiming for similar or better than 30% MEA). 
The mixture compositions were thus defined by the trade-off between the energy requirement for absorbent 
regeneration and CO2-absorption rates. These process performance characteristics determine the overall process 
economics to a large extent and are therefore crucial in the assessment of liquid absorbent candidates. The 
optimisation process utilised fundamental data which was gathered for the individual component amines (pKa, CO2 
reaction rate and equilibrium constants, all as a function of temperature). The process design data of the mixtures 
(vapour-liquid equilibria, viscosities, densities and absorption rates) were obtained separately. An important tool in 
the optimisation was the development of estimates for the average CO2-absorption rate under typical absorber 
conditions and the reboiler energy requirement for which CSIRO has developed a short-cut assessment procedure. 
Representative results from these assessments are shown in Figure 1. The blends all consist of aqueous mixtures of 
two mono-amines: Blends 1-4 consist of one secondary amine and one primary amine. Blends 5-6 consist of two 
primary amines. The amine blends have CO2-absorption rates which are within +/- 20% those of a 30% MEA 
solution and estimated reboiler energy reductions of up to 25%. 
Apart from the performance in terms of CO2 absorption rates and regeneration energy requirement the process 
economics is also influenced by the thermal and oxidative stability of the liquid absorbent. These properties can be 
assessed in a dedicated liquid absorbent degradation rig or be investigated in service with a pilot plant. The 
propensity of liquid absorbents to result in corrosion of metals can be assessed by electrochemical assessments in 
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the laboratory or using corrosion coupons in a pilot plant. Lastly, the costs of the liquid absorbent need to be 
considered with some candidates being too expensive for practical evaluation even at pilot plant scale at current 
production scales and with current manufacturing methods. Two mixture formulations will then be selected for 
evaluation in pilot plant operations in China and Australia. 
 
Figure 1: Performance graph for standard single amines and some blends of mono-amines 
3. Evaluation of different PCC process configurations 
Our previous work [1] has indicated that energy requirements for the post-combustion capture process are the 
dominant factor in the increased cost of electricity generation in a Chinese context. The impact of the added 
equipment cost on the overall cost for PCC, although obviously significant in itself, was considered to be of lesser 
importance. This provided the rationale to investigate a number of different process modifications with the aim of 
improving the energy efficiency. CSIRO has already done work in the latter area both in terms of process modelling 
[3, 4, 5, 6] and experimental validation with a pilot plant on location [7] based on the liquid absorbent consisting of 
a 30 % MEA solution. This research [3] has identified 16 different options for process modifications with overall 
energy performance improvements estimated to be up to 30%. Not all of these options will however be practicable 
as some of them require complex heat recovery systems, which might be difficult to justify from the point of added 
equipment costs and/or operability and/or flexibility. It has to be mentioned that the energy efficiency of these 
options is also closely linked to the physical and chemical properties of the liquid absorbent used. A liquid absorbent 
with higher achievable CO2-loading than MEA might be able to take better advantage of some process 
modifications, such as absorber intercooling, but this has to be further explored.  Table 1 gives a preliminary and 
qualitative assessment of the options which have been identified as promising in our previous work. The assessment 
covers operational aspects, anticipated investment costs and complexity. 
 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0.6 0.8 1 1.2 1.4
M
as
sT
ra
ns
fe
rr
el
at
iv
e
to
4
.9
M
M
EA
MinimumReboilerEnergyRequirementrelativeto4.9MMEA
ɲrich at5kPaCO2 and313K,Reboilertemperaturemax.150oC
4.9MMEA 3MAMP
3.8MDEA 3MMDEA
1MPZ Blend1
Blend2 Blend3
Blend4 Blend5
Blend6
1402   Paul Feron et al. /  Energy Procedia  63 ( 2014 )  1399 – 1406 
 
Table 1: Overview of options for process modifications 
 
Process 
modification 
Description Operational aspects Anticipated 
investment costs 
Complexity 
Split flow Splitting of 
absorber/desorber over 
several stages with 
separate liquid circuits  
Enabling more efficient 
liquid absorbent 
regeneration 
Increase due to multiple 
circuits 
High: at least 2 
liquid circuits with 
multiple pumps and 
control systems 
Absorber 
intercooling 
Limiting temperature 
increase as a result of the 
exothermic reaction 
between CO2 and the 
liquid absorbent 
Increase in CO2 loading 
of liquid absorbent 
Enabling more efficient 
liquid absorbent 
regeneration 
Increase in cooling water 
Increase due to additional 
heat exchanger 
equipment and pumping 
equipment 
Moderate, inclusion 
of heat exchanger 
but intermediate 
connections to the 
absorber column are 
necessary. 
Rich split Use part of the cold rich 
liquid absorbent to 
recover latent heat from 
CO2-product leaving the 
stripper 
Cooling water reduction 
Reboiler energy 
reduction 
Minor as a similar 
amount of heat exchanger 
area is needed and only 
additional piping and 
valves 
Low: Additional 
section in top of 
stripper and 3-way 
valve 
Lean vapour 
recompression 
Use high vapour pressure 
in hot stream to produce 
higher quality steam for 
liquid absorbent 
regeneration 
Reboiler  energy 
reduction through steam 
re-use 
Increase in electricity use 
due to steam compressor 
Increase due to addition 
of steam compressor and 
large flash vessels 
Complex: Additional 
equipment, 
integration with 
stripper 
Desorber 
interheating 
Exchange of heat from hot 
lean liquid absorbent with 
liquid absorbent in 
stripper 
Reboiler energy 
reduction 
 
Minor as a similar 
amount of heat exchanger 
area is needed 
Moderate: 
Integration with 
stripper is necessary 
 
The selection of the most promising process modifications has been based on a preference for process 
modifications which do not result in greatly increased complexity. The main reason for this is the large scale at 
which these processes will need to be operated. This requires simple process principles which are easy to implement 
and scale up. The selected options are: 
¾ Rich Split 
This option is quite easy to implement and experience has already been obtained through the operation of the 
PCC pilot plant at Tarong power station in Queensland [7] showing a lowering of the thermal energy requirement 
for liquid absorbent regeneration of nearly 10% and a reduction of the condenser cooling water duty of 70%. 
¾ Absorber intercooling 
This option is particularly relevant when using a liquid absorbent with a higher absorption capacity for CO2 than 
MEA. The performance of such liquid absorbents might be limited in a standard absorber column as result of the 
sharp temperature increase in the absorption medium as CO2 gets absorbed. 
¾ Stripper interheating 
This option has not yet been explored extensively but holds some promise, particularly in situations where the 
temperature increase over the desorption column is large, due to differences between thermal capacities of rich (with 
CO2) and lean (without CO2) liquid absorbents. 
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The Rich Split process modification was explored first. It uses part of the cold rich liquid absorbent to recover 
latent heat from CO2-product leaving the stripper. It has the added benefit that the remaining part of the rich 
absorbent has a reduced heat carrying capacity and can therefore reach a closer approach temperature through the 
lean-rich heat exchanger, further adding to the reduction in reboiler energy. Apart from a reduction in the reboiler 
energy a cooling water reduction is anticipated as the amount of water vapour in the CO2-product is drastically 
reduced. There will be an optimum amount for the part of the cold rich liquid absorbent that can be utilised. If this 
amount is too large the heat content of the wet CO2 leaving the stripper will be insufficient to heat up the liquid 
absorbent. In that case the reboiler energy might actually increase.  
 
 

Figure 2: Rich split process modification 


A number of experiments involving the baseline liquid absorbent (30% MEA) and blend 4 (see Figure 1) was 
carried out with the PCC process development facility at the CSIRO Energy Centre in Newcastle in which the 
amount of rich split was varied. This facility with a maximum capacity of 30 kg CO2/h can independently 
investigate the absorber and desorber process. During these experiments, the reboiler temperature was maintained at 
around 120 oC. In each case the liquid/gas ratio (L/G) was varied to determine the minimum reboiler energy. In case 
of the rich split process configuration the amount of liquid absorbent bypassing the lean/rich heat exchange was 
experimentally determined by the point at which the stripper temperature profile started to be impacted by the rich 
split. This was at 25% split of the liquid absorbent. As the amount of packing material was known to be limiting in 
both the absorber and the desorber, the CO2 capture percentage was kept at 80%. Figure 3 shows the reboiler duty 
for three conditions. It can be seen that in comparison to 30% MEA blend 4 will result in a reduction of 8% in the 
reboiler duty. This is remarkably close to the anticipated improvement which can be derived from Figure 2, despite 
this only being based on a simplified assessment using basic information. It can be furthermore seen that the 
combination of blend 4 and Rich Split can result in a cumulative improvement in the reboiler energy of 17%. This 
illustrates the benefit of combining the development of novel liquid absorbent formulations with the use of process 
modifications. Further improvements could be achieved through the use of absorber intercooling and work is 
underway to investigate this option in combination with rich split. 
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Figure 3: Reboiler energy for 30% MEA, blend 4 and blend 4 with rich split (80% CO2 capture) 
4. PCC Pilot plant establishment, commissioning and operation 
In the collaborative project a PCC pilot plant was designed and constructed at Miyun near Beijing and moved to the 
Huaneng Changchun thermal power plant in the Jilin province in China. This coal fired power plant consists of two 
350 MWe supercritical units with single reheat. It has full emissions controls in place, i.e. flue gas desulphurisation, 
denitrification and particulate removal. As a cogeneration plant the power plant has steam extraction points already 
in place, which is advantageous for future PCC operations. Currently steam is extracted for residential heating 
purposes during the winter periods. A representative flue gas composition is given in Table 2. 
 
Table 2:  Flue gas composition at Changchun thermal power plant 
 
Flue Gas composition after FGD  
CO2  10.8 vol%  
H2O  9.9 vol%  
O2  5.8 vol%  
N2 + Ar Balance 
SO2 < 50 mg/Nm3  
NOx  < 160 mg/Nm3  
Temperature  55.2Ԩ  
 
The PCC pilot plant has been designed as a research tool with sufficient flexibility to allow a wide range of 
chemical absorbents to be tested under different conditions and in different equipment. The design was based on 
process modelling using state-of-the-art tools (Aspen Plus, Protreat). The pilot plant design with a capacity of 100 
kg/h CO2 was largely based on the Tarong PCC pilot plant, previously established by CSIRO in Queensland [7], and 
subsequently largely locally manufactured in China. Figure 4 shows the pilot plant installed at the Huaneng 
Changchun thermal power plant.  
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Figure 4: PCC pilot plant at Changchun thermal power plant (Outside view and inside equipment shed) 
 
Three experimental campaigns with three different liquid absorbents have been planned. The objective of the 
experiments is to assess the performance of the liquid absorbents (capture efficiency and reboiler energy 
requirement) and evaluate the robustness of the liquid absorbent. The first campaign utilising the baseline liquid 
absorbent (30% MEA) has been completed (1000 hours) and analysis of the results is underway. Figure 5 shows the 
effect of CO2 concentration as determined by the power plant variable operational conditions on the reboiler duty 
and capture rate under fixed PCC pilot plant conditions. 
 
Figure 5: Impact of CO2 concentration on reboiler duty and capture under fixed operational conditions (flue 
gas flow rate=375±5 Nm3/h, lean liquid flow rate=28±0.1 kg/min, stripper pressure=193±2 kPa) 
 
The other campaigns will involve two alternative liquid absorbent formulations resulting from the laboratory 
based development work. Blends 5 and 6 in Figure 1 have been selected as they contain primary amines only, which 
will limit the risk of formation of nitrosamines. 
5. Conclusions and outlook 
The intermediate results based on laboratory assessments and experiments with a process development facility 
indicate that compared to the baseline liquid absorbent (30% MEA) it is possible to: 
¾ Reduce the reboiler energy requirement by  up to 25% through the novel liquid absorbent formulations 
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¾ Reduce the reboiler energy requirement by 17% through the combination of a Rich Split process modification 
with an alternative liquid absorbent. 
These anticipated improvements upon the baseline will require validation in a pilot plant and this is part of the next 
step in the collaborative project. 
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